Neospora caninum causes economical impact in cattle-raising farms since it is implicated as the major cause of bovine abortions. Although infection by the parasite has been widely described in mammals, the role of birds in its life-cycle is still obscure. Therefore, this work aimed to evaluate the infection by N. caninum in different chicken models. Experimental infections were conducted in 7-day-old chicks, laying hens and embryonated eggs, where samples were analysed for parasite burden, IgG antibodies and lesions promoted. Chickens demonstrated an asymptomatic infection, although with seroconversion and systemic replication of the parasite. In laying hens, no signs of vertical transmission were observed. However, embryonated eggs inoculated by the allantoic cavity route demonstrated susceptibility to infection, with mortality rates around 50% independent of the inoculum dose. Additionally, dogs became infected after ingestion of different amounts of inoculated eggs, producing either oocysts or specific IgG antibodies. The results herein presented demonstrate that chickens may be intermediate hosts of N. caninum and that embryonated eggs could be a useful model to study the parasite's biology.
Neospora caninum, an obligatory intracellular protozoan, causes economical impact in cattle-raising farms due to reproductive disorders, and is implicated as the major identifiable cause of bovine abortions (Reichel and Ellis, 2006) . Since its first description (Bjerkås et al. 1984) , an extensive number of species have been investigated for their role in the parasite's life-cycle. Canids, represented by domestic dogs and coyotes, have been implicated as its definitive hosts, due to fecal oocyst shedding (McAllister et al. 1998 ; Gondim et al. 2004) , and canine seroprevalences may reach up to 97 % in some populations worldwide (Barber et al. 1997) . Environment-contaminating oocysts are responsible for disseminating the protozoan, and the parasite is maintained inside herds through endogenous or exogenous transplacental infection (Trees and Williams, 2005) , where serological prevalences of different herds may vary from low percentages to as high as 50 % Bartels et al. 2006 ; Mineo et al. 2006) . Additionally, infection or prior exposure has been detected in other domestic and wild animals, and questions are still raised about the zoonotic potential of the parasite (Dubey et al. 2007) .
Although N. caninum has been widely described in mammals, the role of birds in the parasite's life-cycle is still obscure. It is known that birds are preyed upon by canids, and could be a good source of infection to the parasite's definitive hosts (McGuire et al. 1999 ; Gondim, 2006) . Also, pigeons and zebra finches were shown to be potential intermediate hosts of the parasite, since experimental infections have established that birds may be susceptible to infection by the protozoan (McGuire et al. 1999) . Before the definitive host description by McAllister et al. (1998) , experimental infections were undertaken in carnivorous birds, however, no clinical signs of infection or oocysts were observed (Baker et al. 1995) . Moreover, the presence of birds in cattleraising farms represents increased risk factors for abortion storms related to N. caninum .
Since there is lack of information about avian species as hosts of N. caninum, this work aimed to evaluate the infection by the parasite in chickens, observing mortality, morbidity, vertical transmission and the use of these birds as an intermediate host model for the protozoan infection.
M A T E R I A L S A N D M E T H O D S

Parasites
The Neospora caninum NC-1 isolate (Dubey et al. 1988) was used for all experimental infections performed in this study. The parasites were cultured in African green monkey kidney cells (CV-1) and harvested by scraping off the cell monolayer 4-5 days after infection. To prepare inoculum doses, parasites were pelleted by centrifugation, concentration set with a Neubauer chamber, and diluted in RPMI medium (Sigma Co., USA) supplemented with antibiotic/antimycotic solution, containing penicillin (10 000 U), streptomycin (100 mg), and amphotericin B (25 mg) (Invitrogen, USA).
Animals and experimental infections
Chickens. Five groups, with ten 7-day-old male chicks each, were inoculated with 4 distinct concentrations of N. caninum tachyzoites (10 3 , 10 4 , 10 5 , 10 6 , and control), intraperitoneally. The animals were housed in separated boxes, with ration and water ad libitum. The experimental period was set at 60 days post-infection (p.i.), with programmed euthanasia of 3 animals/group at 15 days p.i. and at the end of the experiment. The remaining animals after the 15 day p.i. euthanasia were re-inoculated with 10 7 tachyzoites/animal, as a trial for disease induction. Sera and samples of brain, heart, lungs, liver, spleen, eye and pectoral muscle were collected from all animals for further analysis, and mortality was assessed for each group.
Laying hens. Three laying hens of a commercial posture lineage, at 40 weeks of age, were experimentally inoculated with 10 8 N. caninum tachyzoites intraperitoneally, to evaluate vertical transmission by the cloacae-egg route in a 60-day experimental period. The hens were accommodated in individual cages with food and water supplied ad libitum. After inoculation, yolks from non-embryonated eggs produced by the hens, were centrifuged individually with 40 ml of sterile PBS supplemented with 1 % Tween 80 (GE Healthcare, USA) at 600 g, for 10 min, at 4 xC. The concentrated mass, which varied between 1 and 3 ml, was diluted 1 : 1 in sterile PBS and inoculated into Balb/c mice for bioassay (1 ml/mice). Three mice were inoculated per egg/hen to observe if there was seroconversion due to the presence of live parasite forms or N. caninum antigens. After 30 days p.i., the mice were bled and serum submitted to IFAT protocol for the detection of specific anti-N. caninum IgG antibodies. Additionally, smears of the concentrated mass were analysed by light microscopy and assayed for the presence of parasite DNA by PCR. Sera were taken from the hens, by brachiocephalic punction, at 15 and 60 days p.i. to observe the presence of specific IgG anti-N. caninum by IFAT. The animals were euthanized and samples of brain, heart, lungs, liver, spleen, eye and pectoral muscle were fixed in 10 % buffered formal solution for histopathological and immunohistochemical examination.
Embryonated eggs. In Experiment 1 five groups containing 5 eggs/each were assayed with different N. caninum tachyzoite inoculums (10 3 , 10 4 , 10 5 , 10 6 , and control). Eggs presented 10 days of incubation at 0 days p.i., and were maintained at an incubator with controlled temperature, humidity and rotation. An additional egg lot with 8 days of incubation was also inoculated with 10 6 tachyzoites, to observe possible age differences in the infection outcome. Inoculation was performed in the chorioallantoic (CA) liquid, according to a previous description (Warren and Russ, 1948) . The embryos were observed until hatching ; however, prior mortality was recorded. Dead or euthanized embryos were necropsied and samples of brain, heart, lungs, liver, spleen, eye and pectoral muscle were collected for further histological and immunohistochemical analysis. Fragments of CA membranes and aliquots of CA liquid were stored at x70 xC for subsequent PCR assays and gene expression assays. Experiment 2 consisted of the serial passage of N. caninum tachyzoites in CA liquid. Fifteen 10-day-old embryonated eggs were used in each passage trial. Firstly, the initial egg lot was inoculated with 10 6 N. caninum tachyzoites, and left for 7 days at an incubator. After that period, CA liquid was extracted from viable eggs, centrifuged at 1000 g, at 4 xC for 10 min, washed twice in sterile PBS and parasites were counted in a Neubauer chamber. Aliquots were stored at x20 xC for subsequent PCR assays. A new 15 egg lot was subsequently inoculated and left for another 7-day incubation period until a new serial passage attempt. In Experiment 3 fifty embryonated eggs, with 10 days of incubation, were inoculated with 10 6 N. caninum tachyzoites/each. After 8 days p.i., embryos were euthanized and portions were separated for 3 different bioassay protocols. Assay 1 in which 1 dog was fed once with 5 infected CA membranes, Assay 2 in which 2 dogs were fed with 2 whole infected eggs/ day (excluding egg shells), during 4 consecutive days and Assay 3 in which 4 dogs were fed each with 2 eggs/day (excluding egg shells), during 3 consecutive days, with feeding procedures being repeated at 15 and 30 days p.i. All tested dogs were followed up for oocyst shedding and IgG seroconversion, for at least 30 days. Serum samples were obtained from dogs by weekly brachiocephalic punction. Oocyst detection and estimates followed previously described protocols (Gondim et al. 2002) . The dogs used in this experiment were cross bred (without a specific breed characteristic), with ages varying between 3 and 6 months, housed in individual boxes, with dry pelleted commercial ration (Royal Canin, France) and mineral water ad libitum. The animals were previously screened for the presence of antibodies to N. caninum, Toxoplasma gondii, Babesia canis, Ehrlichia canis, and Leishmania chagasi. Also, the puppies underwent de-worming (Praziquantel, Pyrantel embonate and Febantel), elimination of possible coccidial infections (Sulfadimethoxine and Metronidazole) and immunization protocols (canine distemper virus, parainfluenza, Leptospira interrogans, coronavirus, canine hepatitis, canine parvovirus) before being used in the bioassays described above. To eliminate the risk of cross-contamination between the above-described groups, each experiment was conducted separately, followed by thorough disinfection procedures with 2 % sodium hypochlorite and 1 % formaldehyde solutions, and at least 1 month vacant period.
All animal 
Analysis of the obtained samples
The indirect immunofluorescence antibody technique was used to determine the presence of IgG antibodies and N. caninum (IFAT-Nc) in the experimentally infected animals, following a previously described technique (Mineo et al. 2001) , with some modifications for the chicken experimental model and the bioassayed mice. Briefly, the cut-off dilution for dog sera was set at 1 : 25, and an anti-dog IgG conjugated to fluorecein isothiocyanate (FITC -Sigma), diluted 1 : 350, was used to detect parasite-specific antibodies. The birds' sera were screened initially at 1 : 20 dilution, and anti-chicken IgG FITC conjugate (Sigma) was used, diluted 1 : 50. Mice sera had screening dilution set at 1 : 25, with the use of an antimouse IgG FITC conjugate (Sigma) as secondary antibody, with working dilution at 1 : 100. Buffers, washing protocols, and incubation periods were the same for all protocols. Only a bright fluorescence of the tachyzoite's entire surface was considered as a positive result. Positive samples were titrated until end-point dilution.
Histopathological analysis and immunohistochemistry (IHC)
Standard Haematoxylin and Eosin histostain (H&E) and IHC assays were performed in paraffin-embedded tissues of experimentally infected chickens and eggs. For IHC, slides were assayed using 2 polyclonal anti-N. caninum sera, raised in experimentally infected calf and inbred Balb/c mice, as primary antibodies. The calf used was previously screened and found to be free of serum antibodies for Babesia bigemina, B. bovis, Anaplasma marginale, Toxoplasma gondii, Brucella abortus and Leptospira interrogans. Furthermore, assays with both primary antibodies against N. caninum were carried out to ensure the assay's specificity, and exclude possible cross-reactions due to the presence of antibodies against other Apicomplexan parasites in the calf's serum, especially those which present difficult routine diagnosis and are frequently found in bovines, as Eimeria and Sarcocystis species. Immunohistochemical procedures were performed following previous description (van Maanen et al. 2004) . Briefly, primary antibodies (anti-N. caninum) were incubated at 1 : 1000 dilution. The avidinbiotin complex immunoperoxidase step was performed (DakoCytomation, Denmark) and the slides stained with diaminobenzidine tetrahydrochloride (DAB -DakoCytomation). Counter-staining was performed with Harris's haematoxylin (10 %) and slides were mounted with cover-slips. The reaction was examined under a light microscope (Nikon).
Nucleic acid isolation
Total DNA was extracted from 5-8 ml of yield CA liquid/egg and 25 mg of nitrogen-macerated CA membranes. RNA from CA membranes was extracted from the same amount of tissue, also using grounding protocols with liquid nitrogen. Oocysts present in dog's feces were purified by sucrose gradient, washed twice in ultrapure water, and submitted to 6 freeze and thaw cycles. Afterwards, the samples were submitted to 1-min spinning cycles, using 0 . 5 mm glass beads to ensure exposure of oocyst contents. Extractions were performed using commercially available kits (DNeasy and RNeasy, Qiagen, USA), following the manufacturer's instructions.
RT-PCR
To observe parasite stage conversion inside egg membranes, the expression of messenger RNA (mRNA) for 2 genes was analysed : NcSAG1, a tachyzoite-specific marker (Howe et al. 1998) ; and bradyzoite specific NcSAG4 (Fernández-García et al. 2006) . The reverse transcriptase reaction was designed following published protocol (Fernández-García et al. 2006) . Culture-derived tachyzoites were used as controls in this experiment.
PCR
The resulting cDNAs were submitted to amplification by polymerase chain reaction, using specific primers (Table 1 ). The employed protocol was the same as that used to verify the presence of N. caninum DNA in CA liquid and membranes of infected eggs and oocysts shed by dogs by Nc5 gene amplification, realized as in the previous description (Yamane et al. 2000) .
R E S U L T S
Chicken
None of the 4 inoculated groups presented mortality of its animals during the experimental period or clinical variations after inoculation. At 15 days p.i., all euthanized animals presented 1 : 400 IgG antibody titres by IFAT, with parasites being detected in most sampled organs by IHC, showing disseminated acute infection by N. caninum. Reinfection of the animals did not produce any clinical or pathological alteration in the studied groups. At the end of the experiment, the sampled animals showed negative IFAT results in all groups, followed by the absence of parasites detectable by IHC in its tissues.
Laying hens
All three animals remained healthy during the 60-day observation period. Parasites were not found in the eggs by microscopy or PCR, and these results were further confirmed by negative mouse bioassays. IFAT results demonstrated a similar pattern to those observed in inoculated chickens, with IgG titres of 1 : 400 at 15 days p.i., and non-detectable specific antibodies at 60 days p.i.
Mortality and cytopathic effects of N. caninum infection in embryonated eggs
The inoculated groups showed mortality between 18 and 21 days of incubation (7-10 days p.i.) ; however, there was no significant variation in embryo death according to inoculum dose (Fig. 1) . Gross examination of the embryos and attached tissues showed dose-dependent effects of infection, although most eggs showed mainly haemorrhagic and thickened CA membranes with multifocal lesions (Fig. 2A) . Some lesions associated to the embryo's heart and liver were also identified at gross examination. Eight-dayold egg embryos showed to be more susceptible to infection, since 100 % of the assayed eggs in this group died before 18 days of incubation (10 days p.i.), with high parasite concentration and accentuated lesions in its tissues.
H&E histo-analysis of embryo tissues and attachments confirmed dose-dependent lesions, with the 10 3 inoculated group presenting lesions mainly related to CA membranes, which showed congestion and focal inflammation with the presence of mononuclear and polymorphonuclear infiltrates. The 10 4 group demonstrated lesions in the heart and liver of embryos, besides multifocal inflammation in CA membranes. When analysing the higher inoculum group, embryos presented necrosis in brain, heart, and liver, with parasitophagous vacuoles being identified in almost all tissues analysed. CA membranes of this last group were shown to be totally occupied by dividing parasites, with a high degree of inflammation, necrosis and haemorrhage (Fig. 2B) . IHC assays confirmed the H&E staining and gross examination, with parasites being detected in all sampled tissues (brain, spleen, heart, liver, skeletal muscles, intestines, and CA membranes), with a higher concentration of parasites being detected in the 10 5 and 10 6 inoculum dose groups (Fig. 2C) . Amplification of the Nc5 gene also corroborates with the data presented herein, demonstrating the presence of N. caninum DNA in the CA liquid and membranes of all embryonated eggs used for this experiment. Expression of NcSAG1 and NcSAG4 genes was assessed to observe parasite stage conversion inside embryonated eggs. Nc5 PCR-positive samples of CA membranes showed simultaneous expression of mRNA to both genes, with higher band intensity for NcSAG1. However, a gradual increment in NcSAG4 expression was observed in embryos with longer incubation periods, associated with weakened band intensity for NcSAG1 (Fig. 3) .
The surviving embryos that hatched after 21 days of incubation presented clinical signs compatible with neurological disorders, with chicks showing lack of coordination, pedalling movements or hind limb paralysis, and circular walking patterns. Only 2 of 11 chicks that hatched their shells (from lower dosage groups -10 3 and 10 4 ) did not present clinical alterations due to infection. H&E and IHC analysis of these animals showed the presence of N. caninum in all analysed tissues, with a higher presence of parasites found in the brain, heart and liver. Serial passage of N. caninum tachyzoites in chorioallantoic liquid
After the first 7-day incubation period, 8 out of 15 eggs remained viable. CA liquid was collected from 6 of these eggs, since the other 2 eggs were discarded due to yolk rupture. Parasites were visualized in all collected samples, although at different intensities, being confirmed by PCR. A total of 7r10 6 parasites were retrieved from the 6 analysed eggs. The second passage attempt was not successful, since no parasites were visualized in CA liquid. PCR assays presented a low parasite yield in 3/10 surviving eggs' CA liquid, but all presented positive PCR results in CA membranes, although with weak intensity. CA membranes were ground to free intracellular parasites, but pooled parasite yield was too low for a new passage attempt (2r10 4 ).
Ability of embryonated eggs to induce oocyst shedding in dogs
The dog fed once with highly parasitized CA membranes (Assay 1) shed N. caninum oocysts after 10 days p.i., for 5 consecutive days. During the elimination period, an estimated total shedding of 20 000 oocysts was determined, although the animal remained serologically negative until 30 days p.i. In Assay 2, in which dogs were served whole eggs, lower oocyst shedding was observed in only 1 dog at day 34 post-infection with elimination estimated at 1000 oocysts, and no seroconversion was detected in that period. PCR analysis of eliminated oocysts revealed specific amplification of N. caninum's Nc5 gene (Fig. 4) . There was no oocyst detection after 90 days p.i. in the 4 dogs used in Assay 3, where repeated infections occurred. However, 3/4 dogs presented specific IgG antibodies to N. caninum after 45 days p.i., with titres ranging from 1 : 25 to 1 : 400 (Table 2) .
D I S C U S S I O N
Chickens seem to be resistant to infection by N. caninum, since no morbidity or mortality was observed in experimentally infected chickens and laying hens. Similar results were seen in broilers experimentally infected with T. gondii where no clinical modifications were observed, however the term ' resistance ' was questioned by the authors, once they re-isolated parasites from diverse tissues after over 30 days p.i. (Kaneto et al. 1997) . Specific IgG antibody synthesis was not parasite dosedependent, since antibody titres observed were identical in different inoculum groups. Similar titres were observed in chickens and laying hens, reaching IgG production peaks (1 : 400) at 15 days p.i., with negative antibody detection after 2 months of infection, even though high parasite doses were used to infect the animals. IHC assays showed that N. caninum was capable of multiplying and invading diverse host tissues. However, the animals 6 Neospora caninum NC-1 tachyzoites, presenting macroscopic lesions in its chorioallantoic membranes (arrow), viewed in (B) by H&E staining, demonstrating mixed inflammatory infiltrate (#) and parasite multiplication (*), also revealed by IHC (C).
SAG1 SAG4
Culture-derived tachyzoites CA membrane -7 days p.i.
CA membrane -8 days p.i.
CA membrane -9 days p.i. demonstrated ability to control the infection, since parasite growth ceased before 60 days p.i. We suppose that N. caninum chronic infection in birds is represented by parasite migration to muscular tissues, where it remains in slow-growing tissue cysts. However, more detailed studies are necessary to describe the parasite's kinetics in this species. Also, there was no vertical passage between hens and eggs, since parasites were not detected inside non-embryonated eggs by various techniques. The cloacae-egg contact is an important transmission route of many avian pathogens such as Salmonella (Berchieri Junior et al. 2001) . Laying hens experimentally infected with T. gondii oocysts did not present vertical transmission either, since the authors were unable to recover parasite forms from over 700 embryonated eggs (Biancifiori et al. 1986) .
In order to evaluate if chicken embryos would be a suitable experimental model for Neospora infection, 3 main assays were performed in this study : a doseresponse curve, parasite serial passage trial, and capability of inducing dogs to behave as the parasite's definitive host. In the first assay, mortality was not shown to be related to inoculum dose, since all groups presented similar death patterns recorded after 7 days of infection. However, N. caninum induced greater lesions in embryos which received higher amounts of tachyzoites, as observed by macroscopical examination, H&E histo-staining and IHC. Intense parasite multiplication in embryos that received 10 5 and 10 6 tachyzoites produced extensive inflammation throughout CA membranes, followed by widespread necrosis. The marked presence of parasitophagous vacuoles in embryo tissues was also noted, especially in the brain, heart and liver. Moreover, surviving embryos were born with neurological signs that resembled clinical neosporosis observed in mammalian species, such as dogs and calves. When analysing eggs inoculated at earlier incubation dates, N. caninum infection effects observed for 10 day old embryos were potentially increased, probably due to prolonged exposure of the parasite to embryos with immature immune responses, since immunological competence is reached only in the second half of the incubation period (Davidson, 2003) . In that case, it is speculated that parasites divide themselves freely without any barrier imposed by the host, what would explain the higher mortality and lesion rates found in this group.
Embryonated eggs have been used over decades as a model for protozoan isolation (Buttitta, 1951) , propagation (Warren and Russ, 1948 ; Roiron and Galistin, 1963 ; Wunderlin et al. 1997) , and parasite biology studies (Mello and Deane, 1976 ; Que et al. 2004) . The use of chicken embryos was a very feasible method to produce T. gondii antigens from the late 1940's until early 1970's, due to its low cost and sterile nature. To date, this experimental model has also the advantage of avoiding animal euthanasia (Wunderlin et al. 1997) . Moreover, embryonated eggs may serve as a valuable tool to study different parasite stages, as seen with Trypanosoma cruzi, which displayed vertebrate and invertebrate specific stages inside egg's yolk and CA membranes (Mello and Deane, 1976) .
Serial passage attempts of N. caninum in embryonated eggs failed after the first successful attempt, which produced about the same amount of the inoculum dose only in the CA liquid, excluding intracellular dividing parasites present in CA membranes and fetal tissues. However, the second passage gave out extremely low parasite yields, which made a further serial passage attempt impossible, due to the lack of tachyzoites. Parasites that undergo serial passages are generally used for live vaccine development, since virulence factors are attenuated, as recently shown for high passage N. caninum tachyzoites in cell culture (Bartley et al. 2006) . Another interesting aspect observed in this experiment was that parasite forms found inside egg's CA membranes expressed simultaneously mRNA to tachyzoite and bradyzoite specific markers. That same gene expression profile was observed for culture-derived tachyzoites, which would lead to the idea that the infections in embryonated eggs would produce similar quality parasite yields as conventional in vitro protocols. However, an increase in bradyzoite-specific gene expression in eggs with longer incubation periods was also observed, which could mean that the appearance of tissue cysts is dependent on the infection time-span. A similar gene expression profile was observed previously (Fernández-García et al. 2006) , where the authors justified their findings with a previous report from their research group, in which they affirmed that stage conversion is a progressive event (Risco-Castillo et al. 2004) . A more refined research study would be suitable to evaluate N. caninum gene expression during invasion/evasion events, and embryonated eggs could be employed for that purpose. In relation to the use of chicken embryos and its tissues to induce oocyst shedding in dogs, this work has shown that the most successful protocol applied was CA membrane intake by dogs. The amount of oocysts produced by the dog was not high ; however, an improved standardized infection procedure may provide better results. The low operational costs and straightforward infected tissue production are positive points for this model, in contrast to major setbacks presented in experimental infections with other animal species, especially bovines. Additionally, infected CA membranes should mimic, at least in part, placental tissue often indicated as a source of parasites to canids. The dogs that underwent inoculation protocols using whole eggs also became infected, as proven by the presence of parasites in their feces or by IgG seroconversion. In that sense, dogs seem to have a delayed or deficient seroconversion to N. caninum, since specific IgG production is detected the earliest after 20-30 days in experimental infections, and specific antibodies against the parasite may be identified in serum samples only after several months, when detected at all (McAllister et al. 1998 ; Schares et al. 2001 ; McGarry et al. 2003 ; Gondim et al. 2005) . Moreover, we may infer that dogs fed with repetitive parasite doses might have generated some kind of protective mucosal immunity towards oocyst shedding or, at least, delayed the event. Our research group is currently working on those subjects, aiming at the parasite intestinal cycle and canine immunity against N. caninum.
Finally, chickens may be a good intermediate host model for N. caninum, since the animals are partially resistant to infection : there is no clinical alteration in animals infected with high parasite doses, but parasites are able to infect a large variety of the animal's tissues. The results herein presented also suggest that chicken embryos and attached tissues may be of good use to study N. caninum's biology in living organisms, and also could be administered as inoculum to dogs for oocyst production, especially because of the low costs of model maintenance.
